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Abstract. Thispapershowsaconfigurationschemefor networkswith WFQschedulers.It guaranteesmaximumrevenuefor the
serviceprovider in the worst caseof network congestion.We focuson besteffort traffic andselectthoseflows that maximize
thebenefitwhile keepingthenetwork utilization high. We show thatoptimumnetwork configurationis feasiblebasedonly on
knowledgeof the topology. Its dependenceon thepricing schemecanbereducedandeveneliminated.We offer a formulation
thatreachesa tradeof betweennetwork utilization, fairness,andusersatisfaction.
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Intr oduction




with QoSconstraintsin anindividualAutonomousSystem(Xiao andNi, 1999).They focusontwo classes
of traffic: flows with quality of servicerequirements(thatwe will call EF or ExpeditedForwarding)and
BestEffort (BE) traffic.
For theprovision of this QoS,new schedulershave beenimplementedin network routers.Schedulers
like WeightedFair Queuing(WFQ) (Demerset al., 1990),PacketizedGeneralizedProcessorSharing
(PGPS)(ParekhandGallager, 1993)andClassBasedQueuing(CBQ) (Floyd andJacobson,1995)can
provide a minimumbandwidthfor requiredflows. Theconfigurationof theschedulersis straightforward
from therequirementsof theEF flows if we usetheir bandwidthsastheweightsin thescheduler(Parekh
andGallager, 1993).However, theserouterstypically usethis schedulingmechanismwith BE traffic too.
Thedefault configurationgivesthesameweight to every flow or a weight basedon theTOS bits in the
IP header. Thereis a lack of anacceptedsolutionfor theconfigurationof weightsfor theseflows without
requirements,a solutionthat could be appliedto the hugevariety of servicesandtraffic typesfound in
datanetworks.Even for theflows from servicesthatcarrya large percentageof thenetwork traffic, it is
noteasyto optimizetheir impacton thenetwork.
In this paperwe presenta simpleway to solve this configuration.The goal is to optimizenetwork
usefrom the point of view of the serviceprovider. This provider will try to maximizehis revenue.As
besteffort flows, by definition,do not have any specificquality requirement,thereis a lot of flexibility
to choosewhich flows to prioritize.Theproposalpresentedin this paperlooksfor thoseflows thatmake
thebestuseof network resourcesandproducethehighestprofit. But even for BE traffic, we includean
objective of fairnessamongflows and we measureits impact on the maximumrevenue.This fairness
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bringstheuser’s point of view to thestudyandavoidsthestarvationof someflows.We manageto find a
tradeof betweenthetotal carriedtraffic andthefairnessthatoffersthebestrevenue.
Otherproposalshave focusedmainly in routingalgorithmswith QoS,trying to find thebestroutesfor
EF traffic (ChenandNahrstedt,1998)(Orda,1998).The bestrouteswill be thoselesscongested,with
lessdelay, or thosethatwould minimizeblockingprobability for futurearriving flows. In this paperwe
assumethatpathselectionfor any kind of EF traffic is solvedby a known method.OncetheEF traffic is
routedthereis still a largeamountof BE traffic usingtheresidualavailablebandwidth.
Typically, this available bandwidthhasbeenmanagedby the routing protocol for besteffort traffic
(Ma et al., 1996).In this paperwe show that even usinga shortest-pathrouting protocol,a substantial
improvementcanbeachievedselectingtheoptimalbandwidthresourcesfor eachBE flow. Thisbandwidth
sharingbecomesinterestingwhenthereis congestionin the network andso,not every packet could be
carried.In this situationa badselectionof flows could congestsomecritical pathsin the network and
starve many otherflows, moving the operatingpoint of the network to a far from optimal situation.We
will focus on maximizing carriedtraffic (and so revenue)for the worst casesof congestion,when the
sharingpolicy becomescritical.
We assumethat a flow-basedmultiplexing andschedulingdisciplinesimilar to WFQ is available in
eachrouter. The packet schedulerwill give priority to EF traffic. The specificreservation for eachflow
canbe selectedusingsomeparametersof the schedulingmechanism(the weights).For the besteffort
traffic we will useprecomputedweightsthat try to selecttheoptimalflows. We setup theseweightsfor
the BE flows in sucha way that the carriedtraffic will be ashigh aspossible.As far aswe know the
literaturedoesnotaddresstheproblemof providing optimalWFQ weightsfor theBE traffic.
Using a WFQ schedulerfor BE traffic meansthat the nodeswill provide a minimum bandwidthfor
the BE flows. This could look like contradictorywith the definition of besteffort traffic, but we should
rememberthat theschedulingdisciplineis work conservingandso theunusedbandwidthof a flow will
neverbewastedwhile therearequeuedpackets.Weareonlyspecifyinghow to sharethebandwidthamong
theBE flows.
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We usea Linear Programming(LP) approachto calculatetheseBE weights,trying to maximizethe
load in the network. This approachhasbeensuccessfullyusedin similar flow maximizationproblems
(Chvatal,1983)(QiaoandXu, 2002)(Ramaswami andSivarajan,1995).
The restof the paperis organizedasfollows: in section1 we presentthe network scenario.Section
2 explains the maximizationobjective from the operatorpoint of view. In section3 we formulatethe
maximizationproblemfor the traffic carriedandpresentan in-depthanalysisof its behavior. Oncethe
maximizationof the traffic is studied,section4 relatesthis parameterto the maximizationof the profit
andoffersthebestconfigurationfor theschedulers.Finally section5 presentstheconclusionsthatcanbe
drawn from thisstudy.
1. Scenario
Thenetwork scenariowe studyis any topologyof nodes(routers)interconnectedby links with different
bandwidths.Everynodeis supposedto bein thesameadministrative domain.If theroutingprotocolused
as IGP (Interior Gateway Protocol)is a link-stateprotocol like OSPFthenthe topology information is
easyto obtain.Eachnodeparticipatingin theroutingprotocolhasthecompleteknowledgeof thetopology
from its link-statedatabase.We could alsocollect this topologyinformationfrom a centrallocationjust
by polling onerouter in the network. Hence,the global informationof the topology is known and the
configurationof theflows in thenodesis notacoordinationproblemrequiringServiceLevel Agreements
(SLAs)asthereis only oneadministratorin thedomain.
In this network therecanbe EF flows andBE traffic. However, oncethe pathsfor the EF flows are
known, a minimum bandwidthfor theseflows is guaranteedandunusedbandwidthis left available to
otherclasses.This guaranteedbandwidthis theminimumprovidedby theWFQ schedulerin thecaseof
congestion.For theBE traffic, we studyall the traffic from node  to node  asonly onetotal BE flow
  . The routesfor BE traffic will be assumedasstaticduring the calculationsandgiven by any
routingprotocolbasedonshortestpaths(Goldberg, 1993).
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An importantdifferencewith other optimizationworks in the literatureshouldbe highlighted: the
traffic matrix is notan input parameter. Thetraffic matrix is normallya hardto estimateinput parameter.
Theoptimizationproblemwe proposedoesnotneedthis information.It findsthebestarrangementof BE
flows thatwill maximizethecarriedtraffic. Thesolutionprovidesthebandwidththatshouldbeenforced
for thebesteffort flows whenthesourcesaregreedy. This meansthatin thecaseof congestion(theworst
case)we ensurethebestpossiblesharingandsothehighestprofit.
The nodesin the topology could be traffic sourcesand/orsinks.We add the category of transient
nodes. A transientnodeis neithersourcenor destination,andis usedto modeltheroutersnot attachedto
any network with hosts.
An exampletopology is shown in figure 1. We will usethis specifictopology in order to show the
behavior of the maximizationmethodproposed.It representsa network with different link bandwidths,
severalbottlenecksandtransientnodes.Thenumberassociatedwith eachlink is theavailablebandwidth
in unitsof bandwidth(Mpbs,tensof Mbps,Gbps...)andthetransientnodesarefilled with agraypattern.
We will extendthestudyto generalnetwork topologiesin orderto validatetheresults,but someinsights
into theoptimizationmethodwill bebetterexplainedwith simpletopologieslike thisone.
[Figure1 abouthere.]
Eachoutputlink in thetopologyis assumedto beequippedwith apacketizedversionof aGeneralized
ProcessorSharingscheduler(GPS)(ParekhandGallager, 1993)like WFQ or PGPS.Let 	
 be the
amountof session traffic served in that interval of time and  theweightsappliedto eachflow. From








  "!#%$'&'&'&)( (1)
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GPSprovidesaguaranteedratefor session of *  asshown in equation2,where+ is thelink bandwidth.
Additionally, it providesworst-casenetwork queuingdelayguaranteeswhenthesourcesareconstrained
by leaky buckets.
*    ,   + (2)
Weareinterestedin gettingthebestresultsfrom thenetwork evenin theworstcase.For this reasonwe
will calculatetheweightsfor theBE traffic flows assumingasituationof greedysources.Everysourcein
thenetwork hasasmuchtraffic to sendasavailablebandwidthto every possiblenon-transientdestination
in the topology. The resultingconfigurationfor the schedulerswill guaranteethe carriedtraffic in this
worst casescenario.Whenthe network doesnot work closeto this extremepoint, the work-conserving
schedulerswill guaranteethatno traffic is constrainedwhile thereis availablebandwidthin their paths.
Using WFQ schedulers,the sharingof the remainingbandwidthin this situationis proportionalto the
configuredweights.
2. Network operator’s objective
The serviceprovider doesnot have any requirementfor besteffort traffic, asthe nameimplies.He can
selecthow thesharingamongdifferentflows is done,basedon privateobjectives.
Themainobjective for aprivateprovider is to maximizehisprofit. Thisprofit dependson thecostsfor
theprovider andthepricesappliedto theusers.In this work we will studyonly theeffect of thepricefor
theusersandassumethatthecostsdo notdependon thetraffic oncethenetwork is deployed.
Severalstudieshaveshown that“flat” pricesfor broadbandusersareunfair (Mackie-MasonandVarian,
1995).Thesepricingmethodsusuallyproduceextremeprofilesor “heavy users”(EdellandVaraiya,1999)
thatgeneratemuchmoretraffic thantheaverageuser. Someuserswith low traffic generationcharacteris-
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tics pay for thebandwidthusedby high consumers.This situationcanbe balancedusinga priceperbit
carriedor “usage-basedpricing”. We presenta studyof themaximizationof thebenefitasa functionof
the total carriedtraffic -/.0-1+324546
7 andthepriceperbit contractedwith theuser. We define 89.3:;'
7 as
thefunction thatgivesthis priceperbit carried.This functionwill dependon network andconfiguration
parameters.For example,if a minimumbandwidthis guaranteedto every userthecostshouldbehigher
thehigherthisminimumis. Hence,this functioncouldusenontrivial expressionsandin generalthetotal




Non-linearmaximizationproblemsaremuchharderto solve thanlinearones.In orderto avoid a non-
linearproblemwe split themaximizationprocessinto two steps.We startby studyingthepossibleways
of maximizingthetotalcarriedtraffic -/.0-/+#24546
7 . It is just theadditionof thetraffic carriedin eachflow
andsoit is a linearfunction.Thismeansthatwecanuselinearoptimizationtechniqueson thetotal traffic
carriedby thenetwork. In thesecondstagewewill studytheinteractionwith the 89.3:;'
7 functionin order
to maximizethebenefitastheproductof both.
3. Methodology for the maximization of carried traffic
In thissectionweformulatethebasicconstraintsfor theLinearProgram.ThisLP will provide theweights
for thebesteffort flows thatmaximizethetotal carriedtraffic.
A Linear Programin standardform follows equations4a-4c,where A is a column vector with the
unknown variablesto besolved, B is a matrix of coefficientsand C and D arecolumnvectorswith more
coefficients.Theboundsin equation4b canbegeneralized.Theobjective function4c canbeturnedinto
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For theformulationof thisparticularproblemlet ( bethesetof nodesin thenetwork and K thesetof
links. KMLN(POQ( and R%K?R is thenumberof elementsin K . Eachnodecouldhave onelink (endnodeor
stubnetwork router)or severallinks with othernodes.Eachlink is apair STU
VAWXY[Z\K whereA]X^ZQ( .
Let C)_` a , ( :bcdZQ( ) betheamountof traffic carriedfrom node: to nodec (notnecessarilyadjacentones).
We call this flow :efc and gh2bi_kj9a is thesetof links in thepathfrom node : to node c (equation5).





The amountof traffic in a link Sy
Vp6z{EZMK mustbe limited by the availablebandwidthin that
link. We denote}|~ theavailablebandwidthfor besteffort traffic in a link S oncetheconfigurationfor
theEF flows hasbeendone.If the routing tablesarespecified,for eachlink S thereis a subsetof flows
 LI(OQ( , suchthat S belongsto thepathof every flow in  (equation6).
 
o:bc[Z   SEZQg?2bi_kj9a (6)
All thoseflows :dc uselink S andconsumebandwidthfrom e|~ . We expresstheconstraintsof
limited bandwidthperlink in theform of thesetof equations7.
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_` a'#W ~ 05@6 C)_` a9}|~# C_` a
IH
(7)
If (  is thesetof transientnodes,every C)_` a with any of theendnodes( : and/orc ) in thesetof transient
nodesmustbe
H
. This requirementis introducedwith theconstraintsin equation8.




In orderto evaluatetheconfigurationprovidedby theoptimizationtechniquewe will useseveral indica-
tors:
 -/.0-/+#24546
7 will bethetotalamountof endto endbesteffort traffic carriedby thenetwork with the
configurationobtainedfrom themaximizationprocess.Thebenefit< will bedirectlyproportionalto
thetotal traffic.
 Theminimumbandwidthguaranteed(equation9). Computedusingonly theflows that couldcarry
traffic, thatmeansexcludingflows from/to transientnodes.
zF7pr}| m7ptmC)_` a0x C_` a;#:^NcY%:bc^ZQ(  (  (9)
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 Thedisparity  . Wedefinetheparameter asa measurementof thefairnessin thebandwidthallo-
cation.Fromtheuserpoint of view, anallocationwithout preferredflows is fairerthananallocation
thatreservesmorebandwidthto someflows,starvingothers.Wecannotoffer thesameallocationto
every userasthey useshorteror longerpathswith differentbottlenecksbut we shouldtry to avoid
largedisparityin theallocationwhenpossible.
The disparitywill be calculatedusing equation10.  is the averagebandwidthfor the BE flows
(averageof the C)_` a betweennon-transientnodes)andso  is theaveragedifferencefrom the C_` a to
 (squaredlikeavarianceestimator).Thisdisparityis notanabsolutemeasurementin thesensethat
wecannotuseit to comparedifferenttopologies,but it is aninterestingfigurewhenweusedifferent
methodsto solve theconfigurationfor thesametopology. Amongdifferenttopologiesthevariations
in connectivity andlink bandwidthsmake thisparameterlessuseful.
d3] - # 5¡R'ml
o:bc#:bcFZF(  (  %:dMcxR
¢
, _` a)3¤£¥r¦V_)§¨ a 
oC)_` a  }k©
R'ml
o:bc#:bcFZ\(  (  %:^McYxR (10)
3.2. OBJECTIVE: MAXIMUM CARRIED TRAFFIC
With thesetof constraintsin equations7 and8 we canformulatea linearprogram.If we want to choose
theflows thatmaximizetheamountof traffic carriedby thenetwork we only have to solve this problem
with anobjective functionlike equation11.
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ª C«b¬;Dk7­¬9 maxm _` a'#W_)§¨ a C)_` a0x (11)
The solutionof the Linear Programis the optimal valuefor each C)_` a andthe resultof the objective
functionis equalto -/.0-1+324546
7 . If we configurein every routertheschedulersusingtheseC)_` a valuesas
theweightsthenthey arealsotheamountof bandwidththateachflow will carry in the total congestion
casewith greedysources.They arealsotheminimumbandwidthguaranteedfor eachflow in any situation.
We call this formulationthe MaxTraffic methodology. As an example,we apply it to the network in
figure1. In tableI we presenttheevaluationparametersdefinedin section3.1 for this topology. As the
tableshows, the minimum bandwidthassignedto the flows is
H
. This meansthat therearesomeflows
beingstarved.Somepairsof nodes,in caseof network congestion,cannottransferany amountof traffic
while othersgetbandwidthguaranteedreservations.We look at thespecific C)_` a andfind that85.45%of
theflowshave a
H
bandwidthallocation.This is nota reasonablesolution,evenif thetraffic is best-effort,
starvingcompletelysomeflowswon’t beacceptablefrom theuserpoint of view.
[Table1 abouthere.]
3.3. OBJECTIVE: PROVIDING A MINIMUM BANDWIDTH AND THE MAXIMUM CARRIED TRAFFIC
Wecansolve thestarvationproblemexposedin theprevioussectionby forcingaminimumvaluefor each
C)_` a in thesolutionof theLinearProgram.With thispurposewedefineanauxiliaryvariable® . This is the
minimumamountof bandwidthassignedto eachBE flow. Theconstraintis expressedin equation12.We
arelooking for asolutionwith a tradeof betweenusergoalsandadministratorgoals.
 :bcEZ\(  (  C_` a  ® IH (12)
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Now, with the setof constraintsfrom equations7, 8 and12 we solve the Linear Programwith the
objective functionin equation13.
ª C«l¬;D­¬9 maxm@®¯x (13)
The solutionof this LP provides the maximumbandwidthallocationfeasiblesuchthat all the valid
C)_` a (no transientendnodes)areequal.Wecall this value ®}° ± . Wecouldobtainthesameresultwithout
solvinga linearprogramwith a simplealgorithm:for eachlink SZIK computethenumber 4 ~ of flows
:²³c suchthat SEZ\gh2bi_kj9a anddefine ´¯~/  rµ1¶· ¶ . Thenthevalueof ®}° ±  min m´y~0x .
Oncewehavecomputed®E° ± wesubtractthebandwidthusedby theflowscalculatedin thisfirst step
from }|~ . Thenew link bandwidthwill be e|¹¸~ M}|~  ®}° ± 4#~ . With thenetwork comprisingthere-
maininglink bandwidthe| ¸~ weformulatethegoalof maximumnetwork use.Usingthesameprocedure
asin section3.2wesolvetheLinearProgramthatusestheconstraintsfor thisnew topology(sameconnec-
tivity but differentbandwidth)with theobjective functionin equation11.After solvingthissecondLP, the
total bandwidthperflow (andsotheWFQ weights)is equalto C_` a»ºI®}° %± , where C_` a arethesolutions
for this secondLinearProgram.Thetotalamountof carriedtraffic is
, _` a'#¼£¥ ¦ _)§¨ a 
oC)_` a½º¾®}° ±  .
We call this formulationtheMinBWmethodology. If we apply it to theexampletopologyin figure1
we get the resultsin tableII (we alsoshow the resultsfor the MaxTraffic methodologyfor comparison
purposes).
[Table2 abouthere.]
Theminimumbandwidthallocatedto theflows is ® ° %± asit is calculatedin thefirst step.The total
amountof carriedtraffic hasbeenreducedfrom thevalueobtainedwith theMaxTraffic methodology. This
is dueto thebandwidththatwe areallocatingto someflows thatcouldbebetterallocatedto otherflows,
in thesenseof obtainingabettermaximumtraffic. Thiscanbeeasilyseenwith thehelpof figure2. In this
simpletopologytherearenot transientnodes.Thepossibleflow pairsare C@s ` © , C © ` s , C © ` ¿ , C ¿` © , C@s ` ¿ and C ¿` s .
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Providing a minimumandequalbandwidth® to all of themmeansconfiguring ® evenfor flows !?ÁÀ
and ÀEÂ! . Flow !hÃÀ uses® in thelinks 
«!#%$ and 
o$%À . Thatmeansthatwhile in -/.0-1+324546
7 we
countonly ® we spend$#® . If theminimumbandwidthconstraintdoesnot apply thentheflows !T$
and $TÄÀ canbeconfiguredwith a $#® bandwidthandwith thesamecostin total bandwidththecarried
traffic is increasedby ® . The sameprocedurecanbe appliedto the flow ÀQ ! . This is the reasonthe
solutionswith aminimumbandwidthassignmenttypically donotgetto themaximumtotalcarriedtraffic.
[Figure2 abouthere.]
Thedisparity  hasbeenreducedfrom theMaxTraffic to theMinBWmethodology. All theflowshave
now a higherminimum andso they tendto be closeroneto eachother. As  is a measurementof this
distanceamongtheflows, it reducesits value.
While theMaxTraffic methodologyprovidestheeffectivemaximumtraffic thatcouldbecarriedby the
network, theMinBWmethodologyoffers thehighestminimumbandwidthfor every flow at theexpense
of a reductionin thecarriedtraffic in the total congestioncase.It would bevery interestingif we could
controltheminimumbandwidthallocatedin ordernottoassignthehighestpossibleone,but assignalower
onethatresultsin a higheramountof carriedtraffic. This meansa solutionin betweenthosepresentedin
tableII, with theflexibility to choosethetradeof betweenthecarriedtraffic andtheminimumbandwidth
guaranteed.
3.4. OBJECTIVE: TRADEOFF BETWEEN CARRIED TRAFFIC AND MINIMUM BANDWIDTH
In thissectionwestudytheeffectof anobjective functionthatcombinesbothobjectivesof maximizingthe
carriedbesteffort traffic andobtainingall thetraffic assignmentslargerthan0. Thismeanscombiningthe
effectsof themethodologiespresentedin section3.2 (MaxTraffic) and3.3 (MinBW) into a singleLinear
Program.For this purposewe choosethe function in equation14 asthe objective function,where ® is
theonefrom equation12 and Å is anindependentcoefficient thatcontrolstheeffect of variable ® in the
problem.
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ª C«l¬;D­¬? maxm _` a)3W_)§¨ a C)_` aÆºIÅW®¯x (14)
We expectto control the importanceof eachpart of theobjective function usingthis parameter. The
constraintsarethosein equations7, 8 and12.We call this formulationtheTradeof methodology. In the
remainingof this sectionwe studytheeffect of coefficient Å on thesolutionof thisLinearProgram.
In figure 3 we plot -/.0-1+324546
7  , _` a)3¤£¥5¦V_§¨ a C_` a asa function of the weight Å andfigure 4
shows theminimumbandwidthconfiguredfor eachflow alsoasa functionof Å .
[Figure3 abouthere.]
[Figure4 abouthere.]
When Å is low, ® is not asimportantas , _` a)#¼£¥ ¦ _)§¨ a C)_` a in theobjective function.It is better(in
termsof theobjective function) to maximizethecarriedtraffic thanproviding a minimumbandwidthfor
every flow. That is thereasontheLinearProgrammayfind a bettersolutionthatsacrifices® in orderto
configureshorterflows with higherassignments.Theseshorterflows will carry moreend-to-endtraffic
thanlongeroneswith the samenetwork use.Below certaininterval of Å we find the samebehavior as
with methodologyMaxTraffic.
When Å is high, theminimumbandwidthimposedby ® is moreimportantthancarryingmoreflows.
The Linear Programtries to get the bestminimum assignmentand then it will continuemaximizing
-Ç.-1+324546
7 . Evenwith high Å , gettinghigher C)_` a wecanstill improvetheresultof theobjectivefunction.
Thisway, above a certainvalueof Å , we obtainthesamebehavior aswith methodologyMinBW.
Whatwe aresearchingwith this methodologyis a way to find tradeof solutionsthatobtaina higher
thanzerominimumbandwidthby sacrifyingsomebandwidthbut without reservingthemaximum®}° ± .
If we look at figures3 (left) and4 (left) we find a steeptransitionfrom onesolutionto theotherinstead
of a smoothone.This meansthat for the exampletopologythereis not a tradeof solution.Even if we
look at thesteeptransitionin detail (figures3 right and4 right) we do not find thekind of transitionwe
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arelooking for. Thejumpsfoundin this lastfiguresaredueto imprecisionsin thesolvingmethodfor the
LinearProgramwhenwe try to usesomuchresolutionin Å .
The reasonfor this steeptransitioncan be easily explainedwith the aid of the simple threenodes
topologyin figure2.For thistopology, thesolutionsfor bothextrememethodologiesareshown in tableIII.
For low Å (or ´n2bA-1+32454	D ) ª C«l¬;D­¬b
oÅt¤=È²ºIÅ H GÈ . For high Å (or ´¹7pr}| ), ª C«b¬;Dk7­¬l
oÅÉ1
À/ºIÅ H &ËÊ . While ÅÌN$ thesolutionfrom MaxTraffic obtainsa higherresultin theobjective functionand




offeredis theonefrom the ´=prÒ methodology. When ÅÓÔ$ bothsolutionsget thesamevaluein the
objective functionandsobothreachthemaximum.Thismeansthatwhen ÅG$ thelinearprogramcould
resultin any of thetwo asthesolution.
[Table3 abouthere.]
From this observation we cancomputea lower boundfor thevalue Å  wherethe transitionhappens,
or the minimum value of Å suchthat the MinBW solution provides a higher objective result than the
solutionfrom MaxTraff. Thevaluethattheobjective functionprovidesfor thesolutionfrom theMaxTraff
methodologyis equalto -/.0-1+324545Õ %±)Ö× ·;· 
7 . In order for the Linear Programto offer the solution
from the MinBW methodologyinstead,it must provide a result of the objective function greaterthan
-Ç.-1+32454 Õ ±)Ö× ·@· 
7 .This value is reachedwhen the term Å]® raisesthe total valueof the objective
functionabove -/.0-1+32454 Õ %±)Ö× ·;· 
7 . Thevalueof Å in that point, andso the lower bound,is theone
givenin equation15.
Å  ÍÎÅ ° ÙØe -Ç.-1+324545Õ
±'u× ·;· ÙÚ 
7  -Ç.-1+324545Õ Ø  rµ 
7
®E° ± (15)
When Å=ÍUÅW° ÙØ , at leastthesolutionfrom theMinBWmethodologyis betterthanthesolutionwith
®Ã H so the linear programwill not offer that solution.However, dependingon the topology, it could
not offer thesolutionfrom MinBWbut a resultin between.Figure5 shows -/.0-/+#24546
oÅt for a different
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topology(not representedin this paper).It offersseveral intermediatesolutionsbut it doesnot provide a
smoothevolution andthosetransitionpointsarenoteasyto locatea-priori.Henceit is noteasyto control
thetradeof solutionwith theparameterÅ .
[Figure5 abouthere.]
Thelastevaluationparameterthatwedefinedin section3.1is thedisparity  . Weshow it asafunction
of Å in figure 6. The figure shows that for low Å , below the transitionpoint, we can obtain different
solutionwith differentdisparityandso differentbandwidthallocations.However, in the samerangein
figures3 and 4 we can seethat the -/.0-/+#24546
7 and zF7pr}| are the sameand so the result of the
objective function is the samein this range.We areobtainingdifferentsolutions,all of themproviding
themaximum.Dependingon theway theLP is solvedandtheinitial stepchosenin thealgorithm,we get
differentbut equivalentsolutions.This differentsharinghasbeeneasilydetectedthanksto theparameter
 thatwedefined.
[Figure6 abouthere.]
Theresultsfrom this analysisshow thatwe cannot tunetheparameterÅ in orderto smoothlychange
thesolutionof thelinearprogram.We arelooking for a slow transitionfrom themaximumtraffic option
to themaximumminimumtraffic method.Insteadwegetanabruptchangefrom oneto theother. Weneed
a betterway to enforcea nonzerominimumbandwidthallocationwhile having someflexibility in terms
of thecostin total carriedtraffic.
3.5. OBJECTIVE: MAXIMUM CARRIED TRAFFIC AS A FUNCTION OF THE MINIMUM BANDWIDTH
GUARANTEED
In thissectionwelook for solutionsin betweentheMaxTraffic andtheMinBWmethodologies.Westartus-
ing bruteforce,computingall thetradeof solutions,but thenweshow thatthereis asimpleapproximation
to computethemwith aminimumincreasein computationcostfrom thepreviousmethodologies.
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We formulatea linear programwith the constraintsin equations7, 8 and12. The objective function
is equation11, theoneusedin section3.2 for theMaxTraffic methodology. But insteadof including the
variable ® in the objective function we aregoing to fix it to the valueof minimum bandwidththat we
want to allocatefor theflows. Then,the linearprogramsolvesthemaximumtraffic thatcouldbecarried
with thebestassignmenthatverifiestheconstraints.
Thevalid rangefor ® is Û H ®}° ±  with ®E° %± ascomputedin section3.3.Above ®}° ± theprogram
is infeasible.Wesolve theproblemfor theexampletopologyandseveralvaluesof K in thefeasiblerange.
Figure7 (left) shows thesmoothtransitionthatwe getin thesolutionsmeasuringthetotal carriedtraffic.
Wecall this function -/.0-1+324546
7t>-/.0-/+#2cl¬l
®Ü . Wecannow selectanonzerominimumbandwidth
for theuserflows( ® ) andthefigureshows themaximumcarriedtraffic obtainable.Figure7 (right) shows
alsohow thedisparitygetsnormallyreducedastheminimumbandwidthis increased,providing a higher
degreeof fairness.
[Figure7 abouthere.]
However, theoperatordoesnotknow a-priori thevalueof ® thathewants.Instead,hecouldknow the
maximumreductionin -/.0-/+#24546
7 acceptableandbasedon thathechoosesavaluefor ® thatprovides
acarriedtraffic at leastashighastheoneneeded.
Thedisadvantageof this methodologyis thatwe arerequiredto solve the linear programfor several
valuesof ® trying to find the optimal tradeof point. It would be very interestingif we could know
-Ç.-1+32cl¬b
®Ü without relying to computingmany points of the function, becauseeachpoint implies
solving a linear program.In fact, -Ç.-1+32cl¬b
®Ü in figure 7 could be estimatedwith a simplestraight
line. Only two pointsof thegraphareneededin orderto know -/.0-1+32cl¬l
® . Thesetwo point couldbe
the two endpointsof thefigure.Thefirst oneis thesolutionwhen ®f H andso thesolutionfrom the
MaxTraffic methodology. Thesecondoneis thesolutionwhen ®ÝÞ®}° %± andsothesolutionfrom the
MinBWmethodology. This approximationis simplerthancomputingseveralpointsandusingminimum
squaresinterpolationto find the bestfit first orderpolynomial.However, we still have to show that this
approximationis alwaysgoodenough.
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For this purposewe explorea broadrangeof topologiesusingrandomtopologygeneratortechniques.
In (Tangmunarunkitandet al., 2002)a comparisonof network topologygeneratorsis provided: random,
structural(hierarchical),anddegreebased.Randomgraphgeneratorsare the bestchoicefor scenarios
like ours, whereall the routersare in the samedomain or autonomoussystem.We have chosenthe
Waxmanmodel (Waxman,1988) that is a popularmethodfor randomgraphgeneration.This method
assignsrandomlynodesto locationson a planeandthe probability that two nodeswereconnectedis a
functionof thedistancec (equation16),where K is themaximumdistancebetweennodes,H ÌMÅ"! is
thesensitivity of link formationto distanceand
H Ìßy=! controlslink density(thenode’s degree).
gE
càMß]¬5á â@ã (16)
We usethe BRITE1 generationtool (Medinaand et al., 2001a;Medina and et al., 2001b)in order
to createtopologieswith this model.BRITE is a softwaredevelopedat the BostonUniversity that uses
differentmethodslike Waxman’s to generaterandomtopologies.As transientnodeswe chooserandomly
a40%of thenodesthathave at leasttwo links.
Weareonly interestedin theshapeof thefunction -/.0-1+32lc¬b
®Ü andhow it resemblesastraightline.
We createdhundredsof randomtopologiesandcomputed-/.0-/+#2cl¬l
®Ü for eachone.Then,we plot a
normalizedversionof thecurve in orderto just comparetheshapeamongdifferenttopologies.In figure
8 we show anexamplefrom theanalysiscarried.We have plottedtheresultfrom thetopologythatgives
the bestfit to a straight line and the one that gives the worst fit. The figure shows that the first order
approximationis not alwaysexact, it dependson the topology. However, the straightline betweenthe
extremepointslies alwaysbelowthereal -/.0-1+32cl¬l
® curves.This meansthat theline is a worst-case
estimationof thetotal traffic, andmostof thetime is alsovery closeto therealvalue.
1 BostonUniversityRepresentative InternetTopologyGenerator
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Figure8 is theresultof anuniform distribution of thenodesin a plane.We alsotestedwith a heavy-
taileddistribution thatcreatestopologieswith clustersof nodes.Theresultsshowedanevenbetterfit to a
first orderapproximation.
[Figure8 abouthere.]
Hence,solvingtheLinearProgramsfor methodologiesMaxTraff andMinBWwe cancreateananalyt-
ical expressionthatapproximatesfairly well the function -/.0-1+32lc¬b
®Ü , andso theoperatingpoint for
thenetwork canbechosen.Theexpressionfor thisapproximationis shown in equation17,whereit holds
that theslopeof the line is  zFu× ·;·   Å  calculatedin section3.4asthelower boundof thetransient




7  -Ç.-1+324545Õ Ø  rµ 
7
®}° ± ®åº¯-/.0-1+32454 Õ
%±)Ö× ·;· 
7
ä  zFu× ·@· ®åºCJu×« ·;·
(17)
4. Network configuration for maximum benefit
Fromsection3.5wecanestimatethefunction -/.0-1+32lc¬b
®Ü with only thesolutionsfrom methodologies
MaxTraffic andMinBW. With this functionasinput, thenetwork administratorcouldchoosetheoperating
point of thenetwork by selectingthevalueof ® for theusers.In this sectionwe proposea decisionrule
for the ® parameter. This rule looksfor themaximizationof thebenefitasit wasdefinedin section2.
Wehave defined89.3:@)







7 function we shouldlook at the effect that theWFQ weightsconfiguredon the
network have on thequality experiencedby theusers.
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Thevalueof C_` a (or C)_` a½º>® in theMinBWmethodology)is thebandwidthallocationfor eachflow
whenthereis total congestion.However, usingWFQ schedulers,whenthereis no congestion,thehigher
the C)_` a for a flow is thehigherthebandwidthshareit will get in a link. This meansthat theuser’s flows
have a higherquality. So thepriceperbit shouldbeproportionalto this weightconfiguration.However,
the maximumallocationachievabledependson the topologyof the network andthe bottlenecksfound
in the pathof theuser’s flows. Someuserswould have higherpricesjust becausethe network topology
allows themto carrymoretraffic. Instead,we canapplya priceproportionalto K. It is theminimumand
equalbandwidthallocatedto everyflow andsoit will resultin apriceproportionalto theworstallocation.
We do theanalysisof themaximizationtechniqueusingthesimplelinear functionin equation18,where
thecostperbit increasesproportionalto ® andthereis anoffsetvalue CÚ7æ _ .
89.3:;'
®Ü6Nz Ú7æ _ ®åº¾C Ú7æ _ (18)
Theestimationof function -/.0-/+#2cl¬l
®Ü will berepresentedby equation17.And thebenefitfunction





  zFu× ·;· z Ú7æ _7 ® © ºM
7CJu× ·;· z Ú7æ _7  C Ú7æ _ zFu× ·;· ®åºCJu× ·;· C Úæ _
(19)
Doing somesimplealgebrawe cansolve theoptimumvalueof K thatprovidesthemaximumfor the
benefitfunction(equations20 and21).
ç <ç ® 
® æè  Æ
H é ® æè   C%u× ·;·$0zFu× ·;· 
C Úæ _
$0z\Ú7æ _ (20)
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® æè  à C©u×
·;·
È3zFu×« ·;· z Úæ _ º
C ©Úæ _
È3z Ú7æ _7 zFu×
·;·  CJu× ·;· C Úæ _$ (21)
Equation20 shows the dependenceof the optimumpoint on the topology ( zFu× ·;· and CJu× ·@· ) and
on the cost function ( z Ú7æ _ and C Úæ _ ). If the parametersof both functionsaresuchthat z Ú7æ _ C%u× ·;·ê
zFu× ·;· C Ú7æ _7 then ® æè  ä ë ¦Ùìoíîî© ° ¦ì7íî%î andsotheoptimaloperatingpointdoesnotdependonthecostfunction.
We canobtain this behavior for exampleif C Ú7æ _7  H , thenequations22 hold. In this situationwe can
configurethenetwork for maximumbenefit,independentof thecostfunction.This is animportantresult
becauseit meansthataslong asthe 8?.3:;'
7 functiontakesthis form, optimumnetwork configurationcan
beachievedindependentlyof thepriceappliedto theusers.
® æVè   CJu× ·@·$0zFu× ·;·
maxï?m@<T
®Ü%x?M<T
® æè  à C ©u×« ·;·È3zFu× ·@· z Ú7æ _7
(22)
In figure 9 we show an exampleof -/.0-/+#2cl¬l
®Ü , a 89.3:@)
®Ü function and the resultingbenefit
function for the topologyin figure1. We mustnotethat ® æè  could lie outsidethevalid interval for ® .
Using C Úæ _  H , ® æè  will beinsidethevalid interval if -Ç.-1+32454 Õ Ø  rµ 
7/Ì s© -Ç.-1+32454 Õ
±)Ö× · 
7 .
If themaximumliesoutsidethevalid interval ( ® æè  ÍÎ®}° %± ) thenthemaximumbenefitis obtainedwith
®ðM®E° %± . Thissituationwill befoundin networksthatsuffer a low reductionof thetotal carriedtraffic
whenweguaranteesomebandwidthto long-pathflows.
[Figure9 abouthere.]
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5. Conclusions
Wehave shown thatcarriedtraffic (andsotherevenue)canbeimprovedchoosingtheoptimalbandwidth
for thebesteffort flows. Thebandwidthin this optimizationhasbeencalculatedusinga linearprogram.
The resultstranslatedirectly into the configurationof flow schedulersin the network routers.We have
solved the problemof choosingthe bestWFQ weightsfor flows without specificQoSrequirements.A
requirementon optimalminimumbandwidthperflow canbeaddedandit improvesusersatisfactionand
fairnesswithout increasingcomplexity in theformulation.Weoffer a simpleprocedurefor theevaluation
of thecost(in termsof traffic carried)of offering a minimum bandwidthfor theusers.Finally we show
that in somesituationsof rate-basedpricing, theoptimumnetwork configurationpoint is independentof
thecostperbit appliedto theusers.
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Figure 2. Exampletopologyfor theeffect of K
















































Figure 3. òWó%ôõò]ö%÷ø3øùvú versustheweight û for theexampletopology
































Figure 4. Minimum BW versustheweight û for theexampletopology
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Figure 5. Resultsfor a differenttopology




























Figure 6. Disparity ý versustheweight û for theexampletopology



































Figure 7. Total traffic anddisparityasa functionof K for theexampletopology


























Figure 8. Resultsof total traffic asa functionof K for randomtopologies
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Figure 9. Total traffic andbenefitasa functionof K for theexampletopology
paper.tex; 23/12/2003; 19:59; p.36
FIGURES 37
List of Tables
I Resultsfor theexampletopology(MaxTraffic methodology) 38
II Resultsfor exampletopology(MaxTraffic andMinBWtopologies) 39
III Resultsfor asimpletopology(Tradeof methodology) 40
paper.tex; 23/12/2003; 19:59; p.37
38 TABLES
Table I. Results for the example topology (MaxTraffic
methodology)
Methodology òWó%ôõò]ö%÷ø3ø  ùvú min BW ý
MaxTraffic 18 0 0.173223
paper.tex; 23/12/2003; 19:59; p.38
TABLES 39
Table II. Resultsfor example topology (MaxTraffic and
MinBW topologies)
Methodology òWó%ôõòWöJ÷ø3øùvú min BW ý
MaxTraffic 18 0 0.173223
MinBW 16.875 0.0625 0.059207
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Table III. Resultsfor a simple topol-
ogy (Tradeof methodology)
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